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Abstract: Quantum-chemical calculations of cycloaddition properties of cyclic heterodienes substituted with guanidine functionality were 
carried out. Molecular and electronic structures of series of dienes (pyrrole, furan, thiophene, isoindole and 1,3-butadiene) were calculated 
and reactivity order established on the basis of FMO theory. Transition state calculations of model [4+2] cycloaddition reaction with acetylene 
indicate that guanidine substitution influences reaction barriers in moderate extent (up to ~4 kcal mol–1). The substitution position plays an 
important role on the sign and magnitude of the effect and protonation of nitrogen possessing substituents increases reactivity of dienes.  
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INTRODUCTION 
UANIDINES are strong organic bases and this physico-
chemical property was extensively studied, both 
experimentally and computationally.[1] Also other guanidine 
properties such as complexation with anions[2] or metals,[3] 
biological activity[4] as well as their use as organocatalysts[5] 
are well explored. Although there are some literature 
examples of participation of guanidines in cycloaddition 
reactions,[6] reaction mechanisms of these cycloaddition 
reactions were not studied in detail. As far as we are aware, 
the electronic effects on the cycloaddition partners (diene, 
dienophile, 1,3-dipole or dipolarophile), which are exerted by 
the guanidine functionality are not reported in the literature. 
 As the part of our program in quantum-chemical 
studies of mechanisms of cycloaddition reactions of 
heterocycles such as furan,[7] pyrrole,[8] siloles, germoles,[9] 
isobenzofurans[10] and basicities of guanidines,[11] we have 
turned our attention to the synthetic utility of cycloaddition 
reactions to deliver guanidine compounds anchored on the 
polycyclic scaffolds. Synthetically powerful way to achieve 
this objective is the employment of Diels-Alder reaction.[12] 
Here we present results of computational study of 
the effects of guanidine substituents on the Diels-Alder 
reactions of cyclic heterodienes. For this purpose, sys-
tematic survey of heterocyclic dienes bearing guanidine 
substituents at different positions and their acyclic buta-
diene analogues was carried out. The aim of this study is to 
assess the influence of guanidine moiety on the reactivity 
of cyclic heterodienes in Diels-Alder reactions. Their elec-
tronic structure of the minima and in the transition state 
was also analysed. 
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RESULTS AND DISCUSSION 
The structures of cyclic heterodienes investigated comput-
ationally are given in Chart 1. Pyrrole, furan, thiophene and 
isobenzofuran derivatives bearing guanidine substituents 
at positions 2 and 3 of the heterocycle, as well as at the N-
position of pyrrole and isoindole were calculated. In 
addition, 1,3-butadiene was examined, to assess the 
influence of aromaticity on the cycloaddition reactivity. For 
all dienes with nitrogen containing substituents, proton-
ated species were calculated as well. Molecular and 
electronic structures of dienes in the ground state were 
examined, as well as the transition state energetics of 
model Diels-Alder reaction with acetylene. 
 Two tautomeric forms of 2-guanylpyrrole (1b and 1c) 
were calculated at the B3LYP/6-31G(d) level and results 
show that tautomer 1b is considerably more stable (by 
6.75 kcal mol–1), likely due to the stabilizing conjugation 
of guanidine substituent with the aromatic moiety. 
Therefore, only the more stable tautomers were calc-
ulated for all other dienes (series b). Results of the 
optimizations show that CguNguC2C3 (guanidine-hetero-
cycle) dihedral angle in neutral derivative 1b is around 
36°, whereas it assumes more perpendicular confor-
mation upon protonation. This behavior is consequence 
of significant conjugation of two π systems in the neutral 
form which is lost upon protonation and it is in 
accordance to our earlier study of molecular structure of 
aromatic guanidines.[13] A length of guanidine-hetero-
cycle junction bond (CguNgu) is clearly indicative in this 
sense, changing its value from 1.385 Å (neutral form) to 
1.417 Å (protonated form) (Figure 1). 
 
Chart 1. Dienes computed in this study. 
 
 
Figure 1. B3LYP/6-31G(d) optimized structures of pyrroles 1c, 1b and 1bH (top and side-view). 
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Molecular Orbitals Analysis 
The reactivity of various dienes participating in the Diels-
Alder reaction can be qualitatively determinated by the 
examination of frontier molecular orbitals (FMO) of dienes 
and dienophiles.[14] The inspection of FMO energies of 
dienes (Table 1) indicates that when guanidine and amidine 
substituents are present at the 2- or 3- position of the 
(hetero)diene moitey, they act as the π-conjugation 
substituents by lowering the HOMO and increasing the 
LUMO energy.[15] The inspection of FMOs of protonated 
pyrroles has revealed that LUMO+2 or LUMO+1 have the 
appropriate orbital symmetry and coefficients are located 
on pyrrole moiety, thus being the most important for 
orbital interactions. When the substituent is protonated 
guanidine subunit (1c), it lowers energies of both FMOs 
with respect to 1a acting as an electron withdrawing 
substituent. In contrast, amine substitution (in 5m and 5o) 
as expected is an electron donating group which led to the 
Table 1. Electronic levels (eV),(a) FMO gaps (eV), NICS values for dienes 
Diene ε HOMO ε LUMO Δε FMOdiene(d) ΔεFMO I(e) ΔεFMO II(f) NICS(g) 
1a –7.86 5.48 13.33 13.75 16.36 –10.1 
1b –6.87 4.72 11.60 12.76 15.60 –9.5 
1c –8.15 4.99 13.14 14.04 15.87 –9.3 
1d –7.87 3.71 11.58 13.76 14.59 –9.5 
1e –7.14 5.11 12.26 13.03 15.99  
1f –7.78 5.32 13.10 13.67 16.20 –9.6 
1g –8.49 3.27 11.76 14.38 14.15 –8.4 
1h –8.13 4.01 12.14 14.02 14.89 –8.7 
1i –8.29 2.53 10.46 14.18 13.41 –7.7 
1j –7.36 3.95 11.31 13.25 14.83  
1bH –11.96 0.23(1.21)(h) 12.19 17.85 11.11(12.09)(j) –9.5 
1dH –12.79 –2.05(1.54)(h) 10.74 18.68 8.83(12.42)(j) –9.3 
1eH –11.90 0.62(1.57)(h) 11.98 17.79 11.50(12.45)(j)  
1hH –12.88 –1.58(1.36)(h) 11.29 18.77 9.30(12.24)(j) –7.4 
1iH –12.33 –1.86(1.03)(i) 10.46 18.22 9.02(11.91)(k) –6.9 
1jH(N)(b) –11.03 –1.11(1.80)(h) 9.92 16.92 9.77(12.68)(j)  
1jH(3)(c) –11.86 0.35 12.20 17.75 11.23  
       
2a –8.54 4.63 13.17 14.43 15.51 –9.4 
2b –7.34 4.27 11.61 13.23 15.15 –7.9 
2e –7.74 4.43 12.17 13.63 15.31  
2k –8.19 4.67 12.86 14.08 15.55 –8.6 
2l –8.42 4.46 12.88 14.31 15.34 –8.7 
2bH –12.62 –0.01 12.61 18.51 10.87 –8.8 
2eH –12.59 0.25 12.85 18.48 11.13  
2lH –11.81 0.21 12.02 17.70 11.09 –8.8 
       
3a –8.79 3.58 12.37 14.68 14.46 –10.2 
3b –7.47 3.49 10.96 13.36 14.37 –7.8 
3e –7.88 3.60 11.47 13.77 14.48  
3l –8.69 3.43 12.12 14.58 14.31 –9.7 
3bH –12.72 –0.66 12.06 18.61 10.22 –9.4 
3eH –12.67 –0.39 12.28 18.56 10.49  
3lH –11.98 –0.02 11.96 17.87 10.86 –9.5 
       
4a –6.63 3.17 9.80 12.52 14.05 –13.7 
4h –8.61 2.56 11.16 14.50 13.44 –11.6 
4hH –10.76 –2.12 8.64 16.65 8.76 –9.2 
       
5a –8.77 3.46 12.24 14.66 14.34  
5b –7.29 3.39 10.68 13.18 14.27  
5e –8.15 3.57 11.71 14.04 14.45  
5m –7.62 3.99 11.61 13.51 14.87  
5n –8.02 3.45 11.47 13.91 14.33  
5o –8.23 3.76 11.99 14.12 14.64  
5p –8.50 3.42 11.91 14.39 14.30  
5bH –12.17 –0.91 11.26 18.06 9.97  
5eH –12.92 –0.83 12.09 18.81 10.05  
5mH –13.50 –1.41 12.09 19.39 9.47  
5nH –13.31 –1.50 11.81 19.20 9.38  
5oH –12.91 –1.17 11.74 18.80 9.71  
5pH –13.62 –1.46 12.16 19.51 9.42  
(a) RHF/6-31G(d)//B3LYP/6-31G(d); (b) 1j protonated at substituent on pyrrole nitrogen; (c) 1h protonated at substituent at position 3-; (d) Δε FMOdiene = εHOMOdiene 
– εLUMOdiene; (e) Δε FMO I = εHOMOdiene – εLUMOdienophile; (f) Δε FMO II = εHOMOdienophile – εLUMOdiene; (g) B3LYP/6-311+G(d) metod; (h) LUMO+2; (i) LUMO+1; (j) with 
respect to LUMO+2; (k) with respect to LUMO+1 
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increase of energies of FMOs. Protonation of the nitrogen 
atom of the N-containing substituents of dienes (guanidine, 
amidine or amine) results in a significant increase in the 
electronegativity of the substituent and lowering of the MO 
energies of the dienes (i.e. acting as electron withdrawing 
groups, Figure 2). Reactivity order predicted for substituents 
on pyrrole nitrogen atom (Figure 2) is in good accordance 
to the literature.[8,16,17] Furthermore, the evaluation of FMO 
energies of dienes and acetylene reveals that Diels-Alder 
cycloadditions of neutral dienes are normal electron 
demand reactions (Δε FMO I, a HOMOdiene-LUMOdienophile 
stabilizing interaction is greatest), whereas Diels-Alder 
reactions of protonated dienes are inverse electron 
demand reactions (Δε FMO II, LUMOdiene-HOMOdienophile 
interaction is greatest).[18] The FMO theory predicts that 
the pair of cycloaddends showing the smallest gap between 
energy levels of the HOMO and LUMO orbitals with the 
proper orbital symmetry (Δε FMO) will be the most 
reactive. The Δε FMO II values for inverse electron demand 
reactions are relatively smaller than for neutral 
counterparts (Δε FMO I) suggesting that protonated dienes 
are generally more reactive. The inspection of FMO 
energies in Table 1 indicates that the most reactive diene in 
the DA reaction with acetylene should be the isoindole 4a 
for neutral dienes and substituted isoindole 4hH for 
protonated dienes. According to the same FMO analysis, 
the least reactive is the thiophene 3a, whereas in 
protonated series the lowest reactivity is predicted for 
pyrrole 1jH3. The reactivities of (hetero)dienes predicted 
by FMO theory were compared to their aromaticity 
estimated as NICS values (Table 1) and correlation was not 
found. The FMO theory could be predictive for reactivity 
only in the cases when influences other than frontier orbital 
interactions are constant, or are linearly related to energies 
of FMOs.[19,20] However, the linear correlations of electronic 
structure of studied dienes (FMOs) with their cycloaddition 
reactivity (activation energies, Table 2, see also next 
section) could not be established. 
Transition State Calculations 
Combined influence of interacting molecular orbitals, 
stereoelectronic effects, aromaticity, stability of reactants 
and products could be more accurately assessed from 
transition state calculations. For this purpose, model 
π[π4s+π2s] cycloaddition reaction of dienes with acetylene 
was used and the results of transition state calculations are 
summarized in Table 2. Most of the calculated reactions are 
thermodynamically favorable with negative enthalpy 
(butadienes are highly exothermic), while cycloaddition of 
1d is endothermic. Protonation further increases the 
exothermicity of the reactions. 
 Representative geometries of transition states for 
Diels-Alder reactions of studied dienes with acetylene are 
shown in Figure 3. The inspection of TSs indicates that all  
 
Figure 2. Energy levels (ε) of HOMO and LUMO orbitals of selected pyrroles and their protonated forms calculated by the RHF/6-
31G(d)//B3LYP/6-31G(d) method. 
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Figure 3. The B3LYP/6-31G(d) transition structures of [π4s + π2s] cycloaddition reactions between acetylene and a) 1b, b) 3b, c) 
4d and d) 5b. Geometries are given in Å and deg. 
Table 2. B3LYP/6-31G(d) Activation energies of Diels-Alder reactions with acetylene(a) 
Diene Ea ΔEa1 (b) EaH+ ΔEa2 (c) Diene Ea ΔEa1 (b) EaH+ ΔEa2 (c) 
1a 32.36    2a 28.83    
1b 35.22 2.86 30.09 –5.13 2b 31.47 2.64 25.77 –5.70 
1c 34.04 1.68 30.09 –3.95      
1d 36.50 4.14 34.16 –2.34      
1e 28.31 –4.05 32.61 4.30 2e 25.37 –3.46 26.03 0.66 
1f 31.83 –0.53        
1g 31.69 –0.67        
1h 32.37 0.01 26.58 –5.79      
1i 29.92 –2.44 25.86 –4.06      
1j 29.18 –3.18 24.71(d) –4.47      
1j   31.41(e) 2.23      
     2k 29.23 0.40   
     2l 27.96 –0.87 26.22 –1.74 
3a 38.09    5a 20.67    
3b 37.48 –0.61 35.91 –1.57 5b 20.87 0.20 19.29 –1.58 
3e 34.73 –3.36 34.72 –0.01 5e 21.25 0.58 15.34 –5.91 
3l 37.20 –0.89 36.93 –0.27      
     5m 21.31 0.64 17.40 –3.91 
     5n 21.00 0.33 18.70 –2.30 
     5m 21.99 1.32 15.25 –6.74 
     5n 20.62 –0.05 15.11 –5.51 
4a 23.42         
4h 23.17 –0.25 17.69 –5.48      
(a) energies are given in kcal mol–1; (b) ΔEa1 = (Ea- Ea(parent unsubstituted heterocycle)); (c) ΔEa2 = (Ea – EaH+) difference of neutral and protonated reactions;  
(d) protonation of guanidine subunit at N-position of pyrrole; (e) protonation of guanidine subunit at position 3 of pyrrole 
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structures resemble a synchronous, concerted [π4s+ π2s] 
process. The most informative geometrical feature of TSs 
are the lenghts of the two new forming C–C bonds. These 
values vary from 1.955 to 2.439 Å, which are within the 
usual values for pericyclic reactions[21] and are similar to 
values obtained by Morokuma for butadiene.[22] The degree 
of asynchronicity (Δd),[23] defined as the difference of 
lengths of two new forming C–C bonds (Δd=d1-d2) is small, 
varying from 0 to 0.275 Å, and transition state structures for 
protonated reactions on average show larger Δd. Interes-
tingly, dihedral angle of guanidine substituents and (hetero)-
aromatic ring does not changes significantly along the 
reaction paths, both for neutral and protonated species.  
 The location of transition states for model Diels-
Alder reaction of all heterocyclic dienes with acetylene 
enabled us to study the influence of guanidine substitution 
on activation energies (Table 2). Obtained B3LYP/6-31G(d) 
activation energies are in 15.11–38.09 kcal mol–1 range.[24] 
Comparison of Eas in Figure 4 reveals general trends in 
reactivity of various dienes: butadienes > isoindoles > 
furans > pyrroles > thiophenes and the predicted reactivity 
order of parent unsubstituted molecules is 5a > 4a > 2a > 
1a > 3a is in accordance with experimental results of 
relative reactivity[25] of furan, pyrrole, thiophene and 
butadiene and increase of reactivity by benzannulation of 
isobenzo species.[26,27] 
 The comparison of the Ea of neutral substituted 
dienes (Figure 4) revealed that the most reactive dienes, 
isoindole and butadiene experience the smallest changes 
by the substitution (maximum Ea difference was predicted 
for butadiene 5o). On the other hand, pyrrole, furan and 
thiophene Ea are more affected by the substituents 
(maximum Ea difference is 4.14 kcal mol–1 for pyrrole 1d). 
For our study, the most important are effects imposed by 
guanidine substituents. The introduction of guanidine at 
position 2- in pyrrole, furan, thiophene and butadiene (1b, 
2b, 3b, 5b) affects differently the Ea: it is increased for 
pyrrole and furan by the same extent, there is almost no 
change in butadiene, whereas in the case of thiophene Ea 
decreases. The presence of guanidine group in position 3- 
of pyrrole, furan, thiophene and butadiene (1e, 2e, 3e, 5e) 
has different effects on Ea. Calculations indicate that Ea 
decreases significantly for heterocycles pyrrole, furan, and 
thiophene (1e, 2e and 3e), while small increase for 
butadiene 5e was predicted.  
 The consequence of other substituents was also 
evaluated. Amidine 2-substitution of pyrrole 1d increases 
Ea, which is similar trend and magnitude as observed for 2-
guanidine substituent. On the other hand, the presence of 
amidine or Boc-protected amidine substituents on the 
pyrrole nitrogen has either no effect (1h), or decreases Ea 
(1i, 1j and 4h). While amidine substituents on pyrrole have  
significant effect, in the case of much more reactive 
isoindole this effect is negligible. The guanidine substitution 
effect in 1h and 1e are reflected as the sum of two 
substituents on 1j. The effects of guanidine and amidine 
groups could be compared to amino and NHCOOCH3 
substitutions and follow the same trend, the amino and 
NHCOOCH3 substitutions in butadiene have only small 
increasing effect on Ea. Finally, the 2-CH2guanidine 
substituent in furan 2l and thiophene 3l modestly 
decreases Ea, which is an opposite effect than 2-
methylfuran 2k inducing a slight increase of Ea, indicating 
some electronic influence of guanidine substituent through 
–CH2– bond on furan moiety.  
 Due to high basicity of guanidines, it is likely that 
these dienes are going to be protonated. The effect of 
protonation on the Ea was estimated as difference between 
activation energies of neutral and protonated diene ΔEa2 = 
(Ea–EaH+) and illustrated in Figure 4. In general, protonation 
of nitrogen-containing substituents (guanidine, amidine 
and NH2) led to decrease of activation energies in 
comparison to neutral forms (largest decrease is 6.74 kcal 
mol–1 estimated for 5o). The exceptions are guanidine 
substitution in the position 3- of pyrrole and furan ring (1e, 
1j3 and 2e) in which Ea rises. On the other hand, this Ea 
increase upon protonation was not found for the 
corresponding thiophene and butadiene derivatives (3e 
and 5e). Calculated decrease of Eas upon protonation (i.e. 
increase in reactivity) is in full accordance with FMO 
predictions of higher reactivity for protonated dienes (and 
change to inverse electron demand mode) due to lowered 
LUMO energies and smaller FMO gap (ΔεFMO II). These 
theoretical findings are conforming to literature calc-
ulations for protonated N-methylpyrrole which predicted 
lowering of the activation barrier[28] and computational and 
experimental results for [π4s+ + π2s] cycloaddition reactions 
of methylated 2-butenone with ethyl vinyl ether[29] and 
reaction of N-protonated 2-azabutadiene with cyclopenta-
diene.[30] 
 
CONCLUSION 
Calculations indicate that the diene substitution by 
guanidines has various effects on the reactivity of dienes in 
Diels-Alder reaction, which depends on the nature of diene 
and the substituent position on the diene moiety. In most 
cases, substituents have minor or modest effect on 
activation energies Ea. Protonation of nitrogen-containing 
substituents on dienes in general leads to an increase of 
reactivity. Values of Ea indicate that most of the 
cycloaddition reactions of studied dienes are experiment-
ally feasible,[31] especially if model acetylene is replaced by 
more reactive dienophiles. 
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Computational Details  
All the calculations were carried out with Gaussian 09[32] 
suite of programs. Geometry optimizations and energy 
calculations were performed with the B3LYP method[33,34] 
and the 6-31G(d) basis set. Frequency analysis was used to 
verify the stationary points as minima or saddle points. 
Intrinsic reaction coordinate (IRC) calculations were carried 
out at the B3LYP/6-31G(d) level to verify the connections of 
the first-order saddle points with the local minima which 
were found on the potential energy surface. The frontier 
molecular orbitals (FMOs) and their energies were 
computed at the HF/6-31G(d) level using the B3LYP/6-
31G(d) geometries. The calculations of the nucleus-
independent chemical shift (NICS)[35] were performed by 
the B3LYP/6-311+G(d) method in the point 1 Å above the 
ring center. Ring center was determined by AIM[36] method 
using B3LYP/6-31G(d) densities. Molden[37] program was 
used for visualization and geometry manipulations. 
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